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Nuclear structure of 229Th from g-ray spectroscopy study of233U a-particle decay
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~Received 13 February 2003; published 30 September 2003!

The level structure of229Th, produced bya-particle decay of233U, was studied withg-ray spectroscopy
measurements. The sources were continuously separated from daughters with ion-exchange chromatographic
methods. Singles and coincidence measurements were performed with high-purity germanium detectors. En-
ergies and intensities of about 220g rays were accurately determined. About 70 transitions were reported for
the first time, especially in the 300–700 keV energy range. A229Th level scheme was proposed, accounting for
220 transitions among 47 excited states. Alpha-particle feeding intensities and hindrance factors were deduced
and compared to directa-particle measurements; the agreement was found to be relatively good. The level
structure was interpreted in the framework of rotational and/or reflection asymmetric models. The agreement
with experimental data was shown to be satisfactory.
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I. INTRODUCTION

The 229Th nucleus is interesting for several reasons. Fi
the ground state~g.s.! and the first excited state are known
be almost degenerate: an excitation energy as low as
61.0 eV was inferred by Reich and Helmer@1,2# from a
careful investigation of energy differences between low
ergy levels connected by crossover transitions. This
tremely low excitation energy has given rise to speculat
about the possibility that external chemical and physical
fects, such as molecular bonds and electronic configurati
might modify the nuclear properties, such as half-life a
a-particle decay rate. Optical excitations of the isom
should also be possible, namely, by laser driven excita
@3#. No clear evidence of such events has been given so
@4#. For a recent review see Tkalyaet al. @5# and references
therein. A complete spectroscopy study of the low ene
structure, accounting for all the transitions, has still not be
accomplished and is attempted in this work.

Next, the nucleus229Th lies in the mass region wher
transitions from spherical to deformed shapes occur
asymmetric shapes are expected from theoretical studies
existence of stable reflection asymmetric shapes in ato
nuclei was suggested in the 1980s, using energy calculat
versus octupole deformation@6#. Afterwards many theoreti-
cal approaches were carried out for oddA nuclei in the mass
range;219–229. Some models considered either adiab
strong coupling of single particle orbitals to a deform
asymmetric core in a folded Yukawa potential@6,7#; others
considered nonadiabatic coupling in deformed Woods-Sa
@8#, or Nilsson potentials@9#. Dynamic octupole deforma
tions involving a symmetric core coupled to asymmetr
anharmonic phonons@10# were also considered. The defo
mation parameters were assumed fixed for the whole nuc
@8# or the parameter set was minimized for each configu
tion @11#. Davydov-Chaban model calculations@12# were
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also carried out. For other theoretical discussions on the s
ject see also Refs.@13–16#.

The parent233U (T1/251.5923105 yr) can be produced
by successiveb2 decays following thermal neutron captu
in thorium, according to the reactions

232Th~n,g!233Th→
b2

233Pa→
b2

233U.

The most complete works ong-ray spectroscopy follow-
ing 233U a decay were performed by Kroger and Reich@17#
and Cantyet al. @18#, with enriched and purified sources, an
singles and coincidence measurements.

Energy and intensities ofa particles were measured b
Ahmad@19# and Glover@20# ~see also the IAEA compilation
of Ref. @21#!. The agreement with the data deduced fromg
ray and population intensity balances was poor. A poss
explanation may be the existence of close unresolved d
blets and multiplets. A careful analysis is carried out in th
work.

Internal-conversion electron measurements are sc
@22#, and probably affected by a systematic norm
ization factor, as pointed out by Kroger and Reich@17# ~Sec.
III B 1 ! and deduced from comparison with theoretic
calculations@23#.

The results and the references up to 1990 were gathere
the Nuclear Data Sheets compilation by Akovali@24#.

The present work belongs to a series of papers follow
a research program developed at our laboratory on the l
structures of the members of the (4n11) radioactive chain:
249Cf @25,26#, 241Am @27#, 233Pa @28#, 229Th @29,30#,
225Ac @31#, 221Fr @32#, 213Bi, and 209Tl @33#. Our research
was partially motivated by the need for a better knowled
of the complex full spectrum of the chain in secular equil
rium with the anthropogenic nuclide237Np with the longest
half-life (T1/252.143106 yr). This isotope is the most criti-
cal product in nuclear waste from fission power plants a
should be better known for future waste product treatme

We present in Sec. II a review of our experimental me
ods, in Sec. III theg-ray transition results and a revised lev
©2003 The American Physical Society29-1
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FIG. 1. A 68-h measurement o
the 233U source with the LEPS
planar detector, 7 cm from source
0.042 keV/ch. Background lines
are marked by their correspondin
emitting nuclide.
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scheme of229Th, and in Sec. IV a discussion in the fram
work of the rotational model and a comparison with the p
dictions of some asymmetric models.

II. EXPERIMENTAL METHODS

A. Preparation of the 233U source

The sources were obtained from two samples: a 10
sample from CEA~Centre d’Études Atomiques, Saclay!,
used for singles measurements, and a 100-mg sample
IPN ~Institut de Physique Nucle´aire, Orsay!, 20-yr old,
.99.9% isotopic purity according to the provider, used p
marily for coincidence measurements. The233U samples
were produced by neutron capture reaction on232Th in neu-
tron reactor facilities. Nevertheless contaminating urani
isotopes~see Sec. III A 2!, such as232U (T1/2568.9 yr) and
234U (T1/252.4553105 yr), were present, and in spite o
fast separation methods some of the daughters were also
ible. These other U isotopes may have been produced
neutron reactions on233U in the reactor facility.

The samples were dissolved in 10 M HCl loaded into
Dowex® 1-X8 anionic column. Uranium isotopes, as UO2

21 ,
were fixed as chlorocomplexes, while thorium and daugh
were eluted. The column was washed with three column v
umes of 10 M HCl. The eluate was evaporated to dryne
The measurements were started immediately afterward
minimize the daughters growing.

B. Detectors and measurements

Singlesg-ray measurements were performed with diffe
ent detector and source assemblies.

~1! A planar low-energy photon spectrometer~LEPS! de-
tector of 2 cm3 active volume with an energy resolution, fu
03432
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width at half maximum~FWHM!, of 190 eV at 6.4-keV~Fe
Ka line!, counting times of 68 h, was placed at 7-cm d
tance, with the 10-mg source~Fig. 1!.

~2! A p-type coaxial high-purity germanium~HPGe! de-
tector of 30% relative efficiencies and 1.9 keV energy re
lution at 1.33 MeV (60Co), with the 10-mg source, was use
close to the detector, for 45-h counting time~Fig. 2!.

~3! A secondp-type coaxial HPGe detector of 40% effi
ciency and 1.9 keV energy resolution, 100 mg source, for
h, with two lead and one copper sheet each 1-mm thick a
absorber between the source and the detector, was used
cm from the source.

~4! A more recent singles measurement was perform
with a new coaxial HPGep-type detector, 30% efficiency
1.83-keV resolution, with the 10-mg source sample on top
the detector, for 160 h.

All counting sessions were performed with detecto
shielded by a lead wall 5–10 cm thick. The combined resu
from different detector and source assemblies allowed
identify and eliminate summing effects.

Standard preamplifier-amplifier chains coupled to 8
channel analyzers~EG&G Ortec! were used. The spectrom
eters were calibrated in energy and efficiency using stand
sources:241Am, 152Eu, 137Cs, 133Ba, 60Co, and 57Co. The
reference values were taken from Ref.@34#. Internal calibra-
tions were also performed using the accurate energy va
measured by Helmer and Reich@2# for the strongestg tran-
sitions in 229Th level scheme.

Coincidenceg-ray measurements were performed w
four HPGe detectors, three coaxial and one planar, place
90° to each other around the source, at about 15 cm. Typ
resolutions were 1.8 keV~at 1.33 MeV 60Co g ray! for the
coaxial detectors and 500 eV~at 122 keV57Co g ray! for the
9-2
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pure 233U 10-mg source, 45-h
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planar detector; efficiencies were 17% for coaxial and 2%
planar detectors, respectively. Coincidence events with
ing information were stored on tape and sorted afterward
total of 12.63106 events were collected. Biparametric mat
ces within 150-ns time gate on prompt events were sorted
each pair of detectors. Some examples of coincidence sp
are shown in Fig. 3.
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The analyses ofg-ray spectra were performed with th
computer codeGAMANAL @35#. Data processing was carrie
out with the utility and physics calculation codes of the pr
gram package provided by NNDC~National Nuclear Data
Center, Brookhaven! @36#: HSICC, for theoretical internal-
conversion electron coefficients from Hager and Seltze
tables@23#; GTOL, for least squares fit ofg-ray energies and
:
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9-3



s,

m
a

th

p

th
iso

to

-

n
te

-,

e
-,
7
9

-

,
2,

ra
g

th

e

r

lly
tate

a
po-
an

ed

as

t in
tion
ara-
f
re

e

e-
t it
ible
ec.

the
la-

n-
plet

ces
ces

lete

ues
on
3-

V. BARCI et al. PHYSICAL REVIEW C 68, 034329 ~2003!
intensities to level energies and intensity balances;ALPHAD,
for Preston’s@37# a-particle hindrance factor calculation
respectively.

III. RESULTS

A. Gamma-ray energies and intensities

1. Gamma-ray transitions

Energies and intensities of more than 200g-ray transi-
tions were accurately measured. The intensities were nor
ized with respect to the 208.164-keV transition taken
2.2960.03 per 105 decays as measured by Reichet al. @38#.
The values are reported in Table I and compared to
adopted values of the compilation by Akovali@24# ~mainly
taken from Refs.@17,18,38#! and to those of Ref.@2#. The
agreement between the different sets is generally good, a
from some weak transitions.

2. Contaminatingg rays

A careful analysis of the spectra was made to identify
g lines coming from background, unseparated uranium
topes, and daughter activities.

a. 234U chain.The 53.236-keV line clearly corresponds
the 53.20-keV234U decayg line @34#. This g ray was misi-
dentified with the 53.61-keV line from233U decay by Canty
et al. @18#. The assignment to234U decay allows the subtrac
tion of a weak contribution of the234U 120.90-keV line in
the 233U 120.8129-keV transition. Kroger and Reich@17# did
not report the presence of234U in their source, but they did
not separate the 53.20-keV line from the 53.61-keV line a
their intensity of the 120.81-keV transition is much grea
and disagrees with our value, so234U contamination was
most likely present in their source.

Daughter activities were present as 185.96-keV (226Ra);
295.12- and 351.92-keV (214Pb); 609.27-, 1120.27-, 1237.5
and 1765.42-keV (214Bi) g lines @34#.

b. 232U chain. The 57.770-keV line corresponds to th
57.78-keV 232U decayg line @34#. The associated 129.08
270.2-, and 327.9-keV lines are also observed at 129.0
270.27, and 328.2 keV. The previously reported line at 12
keV by Kroger and Reich@17# and at 129.1 keV by Canty
et al. @18# is mostly the232U line because the relative inten
sities of the other lines agree.

Daughter activities were identified at 84.416 keV (228Th);
240.90 keV (224Ra); 549.72 keV (220Rn); 115.07, 238.619
and 300.148 keV (212Pb); 288.037, 328.02, 452.86, 727.8
785.34, 893.20 keV, and higher energy lines (212Bi); 252.49,
272.25, 510.756, 583.190, and 763.226 keV (208Tl).

The mass percent contaminations of232U and 234U in
the source could be estimated, respectively, as 7.731028%
and 0.5%.

c. 233U chain. Continuous separation and fresh prepa
tion of the source have minimized the presence of the dau
ters: the main 193.52-keV229Th decay line~4.3% of the
decay! @30# is at the detection limit, so we can assert that
210.90-keV line belongs to the233U decay and is not the
210.89-keV 229Th decay line~2.77%! @30# as assumed by
Kroger and Reich@17#. Only the strongest transition of th
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chain: the213Bi line ~26.1% of the decay@39#! can be clearly
identified at 440.49 keV.

d. Natural background.In spite of the shielding used fo
every counting session, natural background~thorium, ura-
nium, 40K) was still present, especially at higherg energies.

3. The 42-keV energy multiplet

The analysis of the 42-keV region of theg-ray spectrum
was carried out with particular care. It was undoubtfu
known that at least two strong transitions: to the ground s
and to the 29.19-keV energy level occurred in229Th. Helmer
and Reich@2# showed that the 42-keV peak deviates from
pure one-Gaussian shape, which implies a weaker com
nent on the high energy side. Our planar detector, with
experimental resolution of 0.34 keV in this range, allow
the separation of the twog lines ~Fig. 4!.

The experimental separation was measured such
0.195260.0024 keV.

Some evidence occurs of a much weaker componen
the low energy side, but this feature may be a deconvolu
artifact. Coincidence measurements do not allow the sep
tion of the multiplet, which is clearly correlated with most o
theg lines. The intensities of the different components we
measured as 0.34, 72.0, and 13.2 per 105 decays of the par-
ent. Our total intensity, 85.563.6, agrees with the precis
reference measurement of 86.261.3 previously known@38#.

A further component, corresponding to the transition b
tween the 42.43-keV and 3.4-eV levels, may exist, bu
cannot be separated by experimental methods. A poss
deconvolution, on theoretical grounds, is discussed in S
IV A 4.

B. The 229Th level scheme

1. Assignments: Energies and intensities

The 229Th level scheme~Fig. 5! was built using theg-ray
data: the level energies were fitted to the energies of
transitions, mainly assigned according to coincidence re
tions. Theg gate at 42 keV was not retained at all in coi
cidence data: as previously discussed a strong multi
matches almost every otherg ray. We confirmed most of the
assignments of Kroger and Reich@17#; we also retained their
assumption of the preferred feeding of the 3/21@631# band
from negative parity states~see Sec. IV A 5!, deduced from
intensity considerations.

When the intensities were too weak and/or coinciden
could not give the necessary information, energy differen
were used to assign levels according to Ritz’s principle.

Other measurements were taken into account to comp
the level scheme.

~1! Internal-conversion electron~ce! measurements. As
discussed in Ref.@17# the theoretical values@23# are roughly
a factor of 2 larger than the experimental absolute val
@22#; Reich and Helmer proposed a relative normalization
theLa1

internal-conversion electron coefficient of the 97.1

keV E2 transition, and assignments onK/L and L-subshell
ratios, where available, to avoid normalization problems.

~2! Alpha-particle spectrum measurements@19–21,42#.
9-4
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TABLE I. Energies and intensities ofg transitions following thea-particle decay of233U. Uncertainties on the last digits of the value a
given in parentheses.

This work Previous worka Placementb Multipolaritye Internal conversion
Eg

c ~keV! I g
d Eg ~keV! I g

d Ei2Ef ~keV! a f

~0.0034! .2100g 0.0034–0 @M1#
~13.244! 2.4h ~7! 42.434–29.190 @M1# 380
20.25 ~21–0! @E1# 3.94
25.02~5! 0.10 ~4! ~237.355–212.305! @E1# 4.66
25.311~4! 2.11 ~12! 25.3106i ~8! 1.11 ~17! 97.137–71.816 @M1# 227

,0.004 173.469–148.154 @M1# 227
~68-42.434!

~27.119! ,0.002 173.469–146.350 @E2# 6240
~28.288! 0.036h ~9! 125.425–97.137 @M1# 163
29.1867~11! 7.8 ~10! 29.1846i ~30! 12.0 ~3! 29.190–0.0034 M1 @12%h E2] 235 ~12!
~29.190! 2.7h ~5! 29.190–0 @M1# 149
~29.382! 0.80h ~14! 71.816–42.434 @M1# 149
31.449~13! 0.24 ~4! 31.52~4! 0.25 ~4!
~32.453! 0.016h ~3! 195.702–163.249 @M1# 109
32.57~3! 0.018j ~6! 288.472–255.917 @M1# 107
32.73~5! 0.97 ~12! 32.4 ~2! 0.91 ~14! 320.544–287.874 @E1# 2.33
36.516~23! 0.14 ~3!
36.95~~3! 0.12 ~3!
37.823~16! 0.25 ~4! 37.98~12! 0.33 ~5! 163.249–125.425 @M1# 69.0
42.005~19! 0.34 ~4!
~42.431! 0.18h ~5! 42.434–0.0034 @E2# 694
42.4344 (11)

42.6296 (21)

72 ~4!

13.2 ~7!
J 42.4524i ~7! 86.2 ~13!

42.434–0

71.816–29.190

M1116%h E2

@M111.5%h E2#

1.4 (4)3102

58.0 (16)

43.69~3! 0.042~14! 255.917–212.305 @M1# 45.1
~140–97.137!

44.813~21! 0.028j,k ~9! 347.799–302.976 @M1# 41.8
~45.855! 0.0091h ~16! 241.557–195.702 @M1# 39.1
51.0 ~3! 0.03 ~1! 50.5 287.874–237.355 @M1,E2# 1.6 (14)3102

52.607~25! 0.10 ~3! 52.62~10! 0.23 ~4! 217.156–164.530 @M1# 26.3
53.6104~17! 3.47 ~18! 53.6107i ~11! 4.1 ~5! 125.425–71.816 @M112%h E2] 28.3 ~6!
54.7040~11! 16.8 ~8! 54.7038i ~11! 18.2 ~3! 97.137–42.434 M1117%E2 55 ~4!

~75–21!
63.79~6! 0.029~11! 63.88~15! 0.03 237.355–173.469 @M1# 14.9
65.62~5! 0.05 ~1! 302.976–237.355 @E1# 0.364

~140–75!
66.116~3! 1.02 ~6! 66.1184i ~6! 0.77 ~12! 163.249–97.137 (M1124%h E2) 30 ~9!
67.943~7! 0.320~23! 67.9460i ~5! 0.29 ~5! 97.137–29.190 @E2# 71.6
68.85~6! 0.100~23! 68.87~5! 0.098~18! 217.156–148.154 @M1# 11.9
70.281~5! 0.58 ~4! 70.2813i ~13! 0.55 ~8! 195.702–125.425 @M112.4%h E2] 12.4 ~2!
71.8133~16! 1.81h,l ~14! 71.8159i ~20! 2.4 ~6! 71.816–0.0034 E2 54.9

1.16h,l ~12! 71.816–0 @M116%h E2] 13.1 ~5!
l ~374.789–302.976!

~72.825! ,0.03k 72.88~7! 0.54 ~8! 237.355–164.530 @E2# 51.2
74.550~6! 1.49 ~8! 74.5390i ~40! 1.50 ~23! 146.350–71.816 @E1# 0.259
76.335~10! 0.30l ~3! 76.3507i ~27! 0.36 ~6! 148.154–71.816 @E1# 0.244

,0.02l,m 173.469–97.137 @E1# 0.244
77.142~8! 0.43l ~4! 77.13~4! 0.66 ~10! 436.772–356.628 @E1# 0.237

l ~272.5–195.702! @M11E2#
78.21~5! 0.044~7! 78.15~10! 0.055~9! 241.557–163.249 @M1124%h E2] 15.0 ~15!
83.000~13! 0.197~22! 83.0128i ~20! 0.16 ~2! 125.425–42.434 @M1128%h E2] 12.8 ~14!
85.16~5! 0.12 ~4! 85.4224i ~17! 0.17 ~3! 320.544–235.34 @E1# 0.182
86.3 ~3! l 86.77~15! 0.12 ~3! ~235.34–148.1542! @M1# 6.18

0.038h,l ~3! 327.8–241.557 @M1116%h E2] 8.9 ~5!
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TABLE I. ~Continued.!

This work Previous worka Placementb Multipolaritye Internal conversion
Eg

c ~keV! I g
d Eg ~keV! I g

d Ei2Ef ~keV! a f

0.099l ~23! 374.789–288.472 @E2# 23.0
87.30~15! 0.088~22! 87.27~11! 0.17 ~3! 212.304–125.425 @E2# 21.8
88.7 ~2! 0.229~23! 88.4746i ~14! 0.40 ~6! 235.34–146.350 @M1# 5.71
89.39~7! 0.26 ~3! 237.355–148.154 @M1# 5.58
90.999~11! 0.31 ~4! 91.03~10! 0.30 ~5! 237.355–146.350 @M1# 5.30
~91.433! 0.041h ~7! 163.249–71.816 @E2# 17.5
92.23~12! 0.033~12! 347.799–255.916 @M1# 5.09
92.85~3! 0.26 ~3! ~187–97.137!
96.232~4! 1.70 ~9! 96.244~2! 1.27 ~19! 125.425–29.190 @E2# 13.8
96.69~7! 0.190~25!
97.1376~11! 20.3 ~10! 97.1344i ~3! 20.3 ~30! 97.137–0 E2 13.2
97.37~4! 2.0 ~6! 261.940–164.530 @E1# 0.129
~98.565! 0.097h ~16! 195.702–97.137 @M117%h E2] 4.74 ~9!
99.95~15! 0.019~6! 100.03~5! 0.050~8! 317.176–217.156 @E1# 0.119
101.73~3! 0.069~15! 101.77~7! 0.082~13! 173.469–71.816 @E1# 0.114
103.84~18! 0.063~19! 103.6~2! 0.092~14! 320.544–217.156 @E1# 0.108
111.927~7! 0.40 ~3! 112.0~1! 0.45 ~5! 237.355–125.425 @E1# 0.383
114.2~2! 0.183~23! 114.4~3! 0.23 ~4! 287.874–173.469 @M1# 13.6
116.3~2! 0.0047l ~9! 116.41~7! 0.19 ~3! 241.557–125.425 @E2# 5.96

0.121l ~23! 436.772–320.544 @E1# 0.350
117.1575~19! 2.87 ~14! 117.1628i ~9! 2.3 ~4! 146.350–29.190 @E1# 0.344
118.9625~17! 3.63 ~18! 118.9721i ~15! 4.06 ~4! 148.154–29.190 (E1) 0.331
120.8129~19! 2.82 ~15! 120.8194i ~7! 3.32 ~3! 163.249–42.434 E2 5.05

~140–21!
123.881~5! 0.72 ~5! 123.8860i ~7! 0.59 ~9! 195.702–71.816 @E2# 4.54
125.04~23! 0.010~3! 427.93–302.976 @M1# 10.4
125.41~4! 0.051~10! 125.41~6! 0.060~9! 125.425–0 @E2# 4.31
~129.514! '0.06 129.25~15! 0.064~10! ~302.976–173.469! @E1# 0.269
131.24~10! 0.0174~22! 131.1~2! 0.030~3! 173.469–42.434 @E1# 0.261
~132.1! 0.0035h ~7! 327.8–195.702 @E2# 4.29
135.3394~24! 1.97 ~10! 135.3393i ~5! 2.32 ~2! 164.530–29.190 @E1# 0.242
139.3~3! l 138.5 0.014 374.789–235.34 @E1# 0.226

0.0206l ~23! 427.93–288.472 @M1# 7.68
139.720~3! 0.090~18! 139.7278i ~45! 0.096~15! 287.874–148.154 @M1# 7.61
141.95~10! 0.0090~15! 141.6 288.472–146.350 @E1# 0.216
142.69~1! 0.034~5! 359.628–217.156 @E1# 0.213
144.426~14! 0.30 ~3! 144.4~2! 0.27 ~4! 241.557–97.137 @E2# 2.39
145.342~3! 1.73 ~7! 145.337~4! 1.5 ~3! 217.156–71.816 @E1# 0.204
146.3462~16! 6.5 ~3! 146.3462i ~6! 6.57 ~6! 146.350–0.0034 (E1) 0.201
146.9~5! 0.116~10! ~272.5–125.433!
148.179~10! 0.397~20! 148.156~8! 0.33 ~5! 148.154–0 @E1# 0.195
149.691~24! 0.095~6!
152.62~10! 0.011~3! 152.6 317.176–164.530 @E1# 0.182
153.13~5! 0.037l ~3! 153.1~2! 0.050~8! 195.702–42.434 @E2# 1.88

l ~365.814–212.304!
l ~173.469–21!

154.846~22! 0.143~8! 154.77~12! 0.14 ~2! 302.976–148.154 @E1# 0.176
156.15~5! 0.036~3! 156.14~16! 0.053~8! 320.544–164.530 @E1# 0.172
162.48~3! 0.054l ~5! 162.4~2! 0.069~11! 287.874–125.425 @E1# 0.157

l 465.437–302.976
163.72~3! 0.117~6!
~164.5! 0.261l ~5! 327.8–163.249 @E2# 1.41
164.534~16! 6.0l ~3! 164.5240i ~5! 6.23 ~5! 164.530–0.0034 (E1) 0.152
165.581~19! 0.407~23! 165.7~1! 0.35 ~6! 237.355–71.816 @E1# 0.150
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TABLE I. ~Continued.!

This work Previous worka Placementb Multipolaritye Internal conversion
Eg

c ~keV! I g
d Eg ~keV! I g

d Ei2Ef ~keV! a f

167.10~7! 0.0165~14! 526.70–359.628 @M1# 4.58
169.10~9! 0.041~6! 169.002i ~5! 0.062~10! 317.176–148.154 @E1# 0.142
170.82~3! 0.100~6! 170.8091i ~24! 0.13 ~2! 317.176–146.350 @E1# 0.139
172.34~10! 0.0228~22! 172.36~12! 0.032~6! 320.544–148.154 @E1# 0.136
174.209~18! 0.170~9! 174.1919i ~20! 0.21 ~4! 320.544–146.350 @E1# 0.132
176.12~5! 0.016~5! 176.13~7! 0.038~6!
177.94~16! 0.0066l ~13! 177.81~6! 0.018~3! 302.976–125.425 @M1# 3.83

l 656.92–478.65
184.1~3! 0.022~5! 184.3~2! 0.023~4! 425.891–241.557 @E2# 0.92
185.83~11! 0.0078~21! 185.81~2! 0.037~6! ~359.628–173.469! @E1# 0.113
187.12~3! 0.032~4!
187.953~16! 1.87 ~9! 187.9669i ~3! 1.9 ~3! 217.156–29.190 @E1# 0.110
188.65~6! 0.025~4! 425.891–237.355 @E1# 0.109
192.29~6! 0.036~4! 192.13~4! 0.037~6! 365.814–173.469 @E1# 0.105
198.60~1! 0.0038~13!
205.90~15! 0.0228~24! 206.00~12! 0.060~9! 302.976–97.137 @M1# 2.54

~526.70–320.544!
207.25~9! 0.032~5!
208.164~16! 2.29 ~11! 208.1795i ~7! 2.29 ~3! 237.355–29.190 @E1# 0.087
209.08~8! 0.019~3! 382.53–173.469
210.90~8! 0.0137~24! 427.93–217.156 @E1# 0.085
212.332~19! 0.130~7! 212.34~5! 0.126~19! 212.304–0 @M1# 2.33
214.98~11! 0.0058~16!
216.053~17! 0.62 ~3! 216.08~10! 0.61 ~9! 287.874–71.816 @E1# 0.0794
217.119~16! 3.28 ~16! 217.1519i ~20! 3.2 ~5! 217.156–0.0034 @E1# 0.0785
217.8~2! ,0.003k 217.7 '0.046 ~365.814–148.154! @E1# 0.0779
219.421~18! 0.118~6! 219.38~5! 0.14 ~3! 365.814–146.350 @E1# 0.0766
223.39~6! 0.024~3! 223.3~2! 0.030~4! 320.544–97.137 @E2# 0.452
224.39~19! 0.0013~4! 225.0~3! 0.009~2! 436.772–212.304 @E1# 0.0727
226.2~2! 0.070~23! 226.7~3! 0.009~2! 255.916–29.190 @M1# 1.96
230.11~3! 0.071~5! 230.11~2! 0.062~10! 425.891–195.702 @M11E2# 1.1 ~8!
230.97~9! 0.0086~22!
237.51~10! 0.0051~17!
240.388~8! 0.413~22! 240.3719i ~17! 0.35 ~6! 365.814–125.425 @M11E2# 1.0 ~7!
240.90~4! k ~382.53–140!
244.50~6! 0.038~5!
245.337~16! 3.57 ~18! 245.3498i ~11! 3.62 ~3! 317.176–71.816 (M11E2) 0.9 ~7!
248.710~16! 1.40l ~7! 248.7242i ~10! 1.43 ~21! 320.544–71.816 (M11E2) 0.9 ~6!

l 569.255–320.544
255.89~3! 0.0393~25! 255.94~4! 0.039~6! 255.916–0 @M1# 1.39
259.268~19! 0.155~8! 259.33~4! 0.16 ~3! 288.472–29.190 @M1# 1.34
260.52~3! 0.102~6! 260.65~22! 0.098~15! 302.976–42.434 @M1# 1.32
261.944~18! 0.278~14! 261.958i ~4! 0.28 ~5! 261.940–0.0034 @M1# 1.30
268.680~18! 0.246~12! 268.6747i ~21! 0.23 ~4! 365.814–97.137 @M11E2# 0.7 ~5!
272.40~9! 0.071~4! 272.34~5! 0.057~9! 436.772–164.530 @E2# 0.233
273.74~5! 0.0155~17! 302.976–29.190 @M1# 1.15
274.717~17! 0.420~22! 274.7347i ~13! 0.40 ~6! 317.176–42.434 @M11E2# 0.7 ~5!
278.070~20! 1.13 ~6! 278.1080i ~9! 1.08 ~17! 320.544–42.434 (M11E2) 0.7 ~5!
284.23~8! 0.0089~16! 284.25~15! 0.010~1!
287.32~14! 0.015~7!
288.037~25! 0.91 ~5! 288.0292i ~9! 0.97 ~15! 317.176–29.190 @M11E2# 0.6 ~4!

~605.237–317.176!
288.50~3! 0.117~14! 288.472–0.0034 @M1# 0.99
290.62~3! 0.109~7!
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TABLE I. ~Continued.!

This work Previous worka Placementb Multipolaritye Internal conversion
Eg

c ~keV! I g
d Eg ~keV! I g

d Ei2Ef ~keV! a f

291.353~16! 0.62j,l ~25! 291.3561i ~9! 5.37 ~5! 526.70–235.34 @E1# 0.0400
4.63l ~25! 320.544–29.190 (M11E2) 0.6 ~4!

291.93~4! 0.102~15! 465.437–173.469
294.006~24! 0.122~7! 293.995i ~9! 0.13 ~2! 365.814–71.816 @M11E2# 0.6 ~4!
302.978~19! l 302.990i ~4! 0.084~10! 374.789–71.8158 @M1# 0.87

0.078l ~4! 302.976–0n @M1# 0.87
307.29~16! 0.0050~14! 569.255–261.940
309.58~12! 0.083~5! 309.5~2! 0.066~10! 526.70–217.156 @E1# 0.0350
310.71~5! 0.038~3! 382.53–71.816
311.9~3! 0.063~4! 312.0~5! 0.025~10! 436.772–125.425 @E1# 0.0344
313.45~18! 0.0056~11! 569.255–255.916
315.39~13! 0.0100~15! 478.65–163.249 @M1,E2# 0.5 ~4!
316.30~4! 0.094~7!
317.191~16! 7.1l ~4! 317.1689i ~15! 7.76 ~7! 317.176–0n (M11E2) 0.5 ~3!

0.27l ~11! 359.628–42.434 @M1# 0.765
320.560~16! 2.78 ~14! 320.5471i ~13! 2.90 ~3! 320.544–0n (M11E2) 0.4 ~3!
323.396~16! 0.77 ~4! 323.3806i ~14! 0.77 ~12! 365.814–42.434 @M11E2# 0.4 ~3!
328.53~12! 0.080~4! 328.758i ~5! 0.060~9! 425.891–97.137 @M11E2# 0.4 ~3!
335.68~8! 0.0081~19!
336.631~16! 0.58 ~3! 336.6195i ~16! 0.54 ~8! 365.814–29.190 @M11E2# 0.4 ~3!
339.2~6! 0.0025~16! 338.9~5! 0.007~3! 436.772–97.137 @E1# 0.0286
354.082~20! 0.060~4! 354.03~3! 0.053~8! 425.891–71.816 @M11E2# 0.34 ~23!
359.38~19! 0.0049~15! 359.628–0n @M1# 0.544
364.01~12! 0.0064~16! ~605.237–241.557!
365.820~16! 0.77 ~4! 365.8206i ~35! 0.75 ~12! 365.814–0n (M11E2) 0.31~22!
371.26~23! 0.0014~7! 536.30–164.530 @M1# 0.498
374.7~3! 0.0038~20! 374.789–0n @M1# 0.486
381.54~15! 0.0039~13! 478.65–97.137 @M1# 0.463
383.482~21! 0.096~5! 383.47~8! 0.087~13! 425.891–42.434 @M11E2# 0.27 ~19!
387.76~12! 0.0012~3! 513.401–125.425
393.64~5! 0.0130~12! 393.70~15! 0.007~3! 465.437–71.816
396.64~13! 0.0044~10! 396.7~1! 0.008~1! 425.891–29.190 @E2# 0.0775
402.36~9! 0.0072~14! 402.4~2! 0.008~3! 637.45–235.34
404.33~19! 0.0013~4! 569.255–164.530
406.58~16! 0.0015~4! 406.7~3! 0.0050~5! 478.65–71.816 @M1# 0.390
416.24~3! 0.0120~10! 416.4~2! 0.009~3! 513.401–97.137
423.09~14! 0.00052l ~14! 465.437–42.434

l 569.255–146.350
425.33~12! 0.00080~14! 637.45–212.304
436.20~12! 0.0035l ~9! 436.6~4! 0.0048~7! 465.437–29.190

l 478.65–42.434
441.53~17! 0.00073~22! 513.401–71.816
449.46~7! 0.0064~8! 449.5~2! 0.008~3! 478.65–29.190 @M1# 0.297
455.13~11! 0.00117~21! 526.70–71.816 @M1# 0.288
456.87~16! 0.00044~21! 605.237–148.154
459.74~6! 0.0076~11! 459.8~2! 0.0080~8! 585.09–125.425
465.37~12! 0.00047~23! 465.437–0n

471.05~4! 0.0185~18! 471.2~2! 0.014~2! 513.401–42.434
473.51~18! 0.0030~15!
474.41~8! 0.00077~11! 620.79–146.350
478.64~4! 0.0148~12! 478.6~2! 0.014~2! 478.65–0m @M1# 0.251
484.8~3! 0.0023~10! 484.1~2! 0.004~1! 526.70–42.434 @M1# 0.243
500.44~23! 0.00070~23! 665.02–164.530
513.23~13! 0.0165l ~21! 513.401–0n
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TABLE I. ~Continued.!

This work Previous worka Placementb Multipolaritye Internal conversion
Eg

c ~keV! I g
d Eg ~keV! I g

d Ei2Ef ~keV! a f

l 585.09–71.816
514.72~13! 0.0112~18! 514.0~5! 749.91–235.34
523.59~24! 0.00094~24! 620.79–97.137
531.54~8! 0.00070~23! 656.92–125.425
533.53~5! 0.00117~23! 605.237–271.816
536.44~12! 0.00047~23! 537.5~5! 536.30–0.0034 @E1# 0.0110
540.68~13! 0.00164~23! 540.3~2! 0.0050~5! 637.45–97.137
542.41~13! 0.00047~23! 545.1~3! 0.0023~2! 585.09–42.434
559.87~18! '0.00023 656.92–97.137
562.95~24! 0.0014~7! 562.8~5! 605.237–242.434
569.31~16! 0.0039~15! 569.4~2! 0.0036~4! 569.255–0n

576.09~20! 0.0009~4! 605.237–229.190
578.61~17! 0.0034~11! 578.5~2! 0.0049~5! 620.79–42.434
584.94~16! l 656.92–71.816

'0.00023l 585.09–0n

591.6~3! 0.00070~23! 620.79–29.190
605.22~13! 0.0048~9! 605.237–0n

608.15~5! 0.00047~23! 637.45–29.190
614.60~20! 0.00070~23! 656.92–42.434
620.63~23! 0.0015~6! 620.9~2! 0.0022~3! 620.79–0n

627.70~8! 0.00047~23! 656.92–29.190
633.51~12! 0.00069~23!
637.25~10! '0.00023 637.45–0n

652.79~19! '0.00023 749.91–97.137
657.30~17! 0.0040~10! 657.0~2! 0.0028~3! 656.92–0n

665.03~10! '0.00023 665.02–0n

702.7~3! 0.0011~5!
707.4~3! 0.0020~9! 707.5~2! 0.0027~3! 749.91–42.434
714.3~3! 0.00047~23!
720.62~11! 0.00047~23! 749.91–29.190
721.88~14! 0.0040~11!
749.8~4! 0.00047~23! 749.91–0n

765.82~20! 0.00014~7!
843.35~10! 0.00016~5!
927.1~3! 0.0014~7!
932.6~3! 0.0014~7!
1109.8~5! 0.0008~3!

aReference@24# unless otherwise stated.
bUnassigned transitions have blank placements; uncertain placements are in parentheses.
cValues in parentheses are transitions not observed, but required from coincidence relations, intensity balance or rotational mod
tions.
dRelative intensity for 105 a-particle decays of the parent.
eValues in square brackets are from spin-parity values: they were not measured; values in parentheses are deduced from indirect o
measurements.
fTheoretical internal-conversion electron coefficients from Ref.@23#. Uncertainties account for those of mixing ratios.
gTotal intensity limit required from intensity balance. No conversion process is allowed because the energy is lower than the lowest
electron excitation energy.
hCalculated from strong coupling rotational model~see Sec. IV A 4!.
iFrom Ref.@2#.
jCalculated from intensity balance.
kIntensity components from room background, other uranium isotopes, and daughter radiation were subtracted.
lMultiply placed transition: intensity suitably divided or assigned, as discussed in the text.
mFrom general trend of transition intensity to levels of the same band.
nThe final level is uncertain: the g.s. is assumed, but may be the 3.4-eV level.
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~3! (d,t) reaction@43#.
~4! 229Ac b2 decay and229Pa e decay @44,45# ~as re-

ported by Akovali@46#!.
New levels were retained only if at least three experim

tal relations to the level existed: transitions into and out
the level, or other measurements; with only two relations
level was considered uncertain.

When the transitions to the g.s. doublet could not
clearly separated and assigned only once, they were assi
only to the g.s.: the energy uncertainties were always gre
than the energy separation of the doublet and do not inv
date the fitting procedure. We may point out that the gen
fit of all the g lines to the whole level scheme is in very goo
agreement with the results of Helmer and Reich@2#: the en-
ergy of the first excited level obtained in the fit is 3
61.8 eV.

Many transitions are multiply placed: in some cases th
could be resolved using the complementary experime
data. If no assignment could be made, the intensity was
bitrarily assigned to the transition between the lowest exc
states. Finally, the low energy multiplets were separated
cording to the theoretical discussion of Sec. IV A 4.

2. Spins and parities

The spins and parities of the levels were primarily d
duced in a model-independent way, allowing onlyE1, M1,
and E2 multipolarities for the observedg-ray transitions,
following the usual selection rules, and according to
measured internal-conversion electron coefficients@22# if
available.E1 assignments for strongg-ray transitions were
based on the absence of the corresponding transitions in
electron spectra. For some of the low-intensityg rays, we
assumed the lowest multipolarity allowed by the lev
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FIG. 4. Deconvolution of the 42-keV multiplet. Dots are expe
mental counts.
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scheme. In no case were these multipolarities used to es
lish spins and parities of levels.

3. Alpha-particle feedings and hindrance factors (HF)

The a-particle transition intensities feeding the leve
were calculated from the totalg1ce intensity imbalances a
each level~Table II!.

The agreement of theg-ray intensity balances with thea
spectrum, primarily from Ref.@42#, reported in the compila-
tion of Akovali @24#, and from other references therein,
reasonably good. The uncertainties for theg-ray intensity
balances mainly come from incomplete knowledge of tran
tion multipolarities. Weak feedings undetected in experim
tal a-particle spectra are reported to some high energy
cited levels. Hindrance factors fora-particle branches were
calculated according to the spin-independent equations
Preston@37#, from the useda-particle feedings.

4. New levels

We only discuss levels with new properties or ma
changes with respect to previous data@17,18# and as far as
possible in a model-independent way. Since229Th is rela-
tively well deformed~Sec. IV A 1! the rotational model is
also helpful.

The 186.6-keV level proposed in Ref.@17# is not con-
firmed: the 236.3g ray from the 425.87-keV level is no
observed.

The 235.5-keV level proposed by Cantyet al. @18# is con-
firmed: the deexciting transitions are very weak, but th
new transitions into the level could be assigned.

We propose a level at 272.5 keV, which might account
the 77.14- and 146.9-keV transitions. It may be the n
level, 13/21, of the 3/21@631# band~see also Sec. IV A 2!.

The 327.8-keV level is proposed as the 15/21 member of
the g.s. band~see Sec. IV A 1!.

The 340- and 466.9-keV levels proposed by Cantyet al.
@18# are not confirmed: none of theg rays assigned by thes
authors was clearly observed.

The 347.80-, 374.79-, 427.93-keV levels were observe
a-particle decay. Two, five, and two transitions, respective
can be assigned to these levels.

The 359.63-, 382.53-, and 536.30-keV levels may cor
spond to levels observed in the230Th(d,t) reaction ~Ref.
@47# cited in Nuclear Data Sheets@46#!. Four, two, and two
transitions, respectively, can be assigned to these three
els.

The 436.77- and 465.44-keV levels proposed by Kro
and Reich@17# and/or Cantyet al. @18# are confirmed by
assigning half-a-dozen transitions each.

New levels are proposed at 513.40, 585.09, 620.
637.45, 665.02, and 749.1 keV by assigning two or m
transitions each.

The levels at 569.26 and 605.24 keV, observed inb2

decay of 229Ac, were also observed ina decay.

IV. DISCUSSION AND COMPARISON WITH THEORY

A. Rotational symmetric models

1. The g.s. band

The levels of the 5/21@633# g.s. band up to 13/21 were
known from previous studies@17,18#.
9-10
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FIG. 5. The 229Th level
scheme. We report total intensitie
I g1ce per 100 decays of the par
ent. Transition marked by an am
persand are multiply placed, with
intensities suitably divided.
Closed circles mark coincidenc
relations; dotted lines mark uncer
tain placements. Alpha-particle
energies are experimental value
from Refs. @19,20#. The decayQ
value is from Ref.@40#. Half-lives
are from Ref.@41#.
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It was proposed@24# that the 85.16-keV transition coul
be the 15/21→13/21 transition of the g.s. band. This assig
ment is almost certainly wrong: theDI 52 intraband transi-
tion 15/21→11/21 should be stronger according to the rot
tional model~see Sec. IV A 4!, but no evidence exists of
163.5-keV crossover transition in the experimental spectr
A better hypothesis is to identify the 15/21→13/21 transi-
tion with the 86.3-keVg line, which would then be multiply
placed. By combining the experimental value of t
a-particle feeding of the 327.0-keV level with the ratio b
tween M1 and E2 transition strengths, deduced from th
rotational model, we calculated the intensities of theDI 51
and DI 52 transitions. The latter, 164.5 keV from energ
level difference, may be hidden below the much stron
164.534-keVg line ~intensities 0.261 versus 6.0 for a tot
experimental intensity of 6.360.3 per 105 decays of the
parent!.

The band parameter, deduced from a least squares
the energies of the levels, isA56.06 keV, with a one-
parameter fit and a root-mean-square deviation~rms! of
0.34 keV.
03432
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From Table III the values of the intrinsic quadrupole m
ment and gyromagnetic ratio calculated from the experim
tal matrix elements and the rotational formula for the
duced transition probabilities@48# agree within the
experimental uncertainties. Nevertheless, the data for
42.434-keV transition are less reliable because theg line is a
multiplet ~see Sec. IV A 4!.

Weighted mean valuesQ2057.160.3 b and ugK2gRu
50.17660.021 can be obtained. The model is consist
with the data and we are confident in applying the Alag
rule. However, the measured spectroscopic quadrupole
ment 4.360.9 b, from hyperfine structure@49#, or 3.1 b, from
Coulomb excitation@50#, does not agree very well with th
value ~2.5 b! calculated in the strong coupling limit. Th
experimental magnetic moment@m5(10.4560.04)mN#
@49# was correctly reproduced (m50.4mN) in the framework
of the strong coupling model, with matrix elements calc
lated with a Woods-Saxon potential fore250.19 @51#, but it
may be a chance agreement: the calculatedgK2gR520.31
strongly disagrees.
9-11
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FIG. 5. ~Continued.!
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From the quadrupole moment we can calculate the ef
tive quadrupole deformationē250.169, which agrees with
the values for the neighboring even-even isotopes228Th
~0.146! and 230Th ~0.182!, deduced from the half-lives of th
corresponding first excited 21 states@52,53#. This effective
deformation corresponds to a deformation parameter@8# e2
;0.16.

We can also infer the value of the magneticg factor from
the relation

udu59.3331024
E

A~ I 21!~ I 11!
U Q20

gK2gR
U ~1!

for the experimental mixing ratio, with the transition ener
E in keV andQ20 in barn, of the intrabandI→I 21 transi-
tions. From Table IV the value ofQ20 and the weighted mea
value of uQ20/(gK2gR)u540.162.4 b we haveugK2gRu
50.17760.013, in agreement with the value deduced fro
the measured reduced matrix elements.
03432
c- 2. The 3Õ2¿[631] band

The 3/21@631# band was proposed and carefully di
cussed by Kroger and Reich@17#.

The band parameters, deduced from a least squares
the level energies, areA56.05 keV ~one-parameter fit, rms
51.26 keV), or, better,A55.78 keV, A350.15 eV ~two-
parameter fit, rms50.49 keV). From the values of the ine
tia parameter we can assume that the deformations of
3/21@631# and g.s. bands are almost equal; the slightly low
value may indicate a low Coriolis interaction~Sec. IV A 3!.
The need for an alternating term points to the existence
signature-dependent effects.

We propose the identification of the 13/21 member of the
band with a 272.5-keV level, from the existence of twog-ray
lines of 77.14 and 146.9 keV, interpreted as theDI 51 and
DI 52 intraband transitions. The excitation energy is in go
agreement with the rotational formula. The former transiti
belongs to a doublet, the latter is strongly hidden by the cl
146.34-keV transition.

In Table V we derived the mixing ratios by applying th
Alaga’s rule to transitions issuing from the same level. Fro
9-12
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FIG. 5. ~Continued.!
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FIG. 5 ~Continued!.
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Eq. ~1!, with the value ofQ20 of the g.s. band and th
weighted meanuQ20/(gK2gR)u512.860.4 b we haveugK
2gRu50.5660.03 for the 3/21@631# band. This value is in
good agreement with the calculated valuegK2gR520.61
of Ref. @51#.

3. Coriolis mixing

Several experimental features suggest that Coriolis m
ing between the close 5/21@633# and 3/21@631# bands is low
or negligible.

~1! The hindrance factor of thea transitions to levels of
the 3/21@631# band is high: the intensity to the 5/2, 7/2, an
9/2 members of the 3/21@631# band should be strong eve
for moderate mixing, because the 5/21@633# band is the fa-
vored band.

~2! The energy difference between like spin levels
nearly constant: it would increase with spins if the ban
were mixed.

~3! The calculation of the mixing for a two-band intera
tion gives unphysical results.
03432
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We estimated the mixing from the intensity ratio of th
97.14- and 67.94-keVE2 transitions from the 9/21 member
of the g.s. band. The former, intraband, is purely rotation
the latter, interband, contains an intrinsic, single-partic
term and a rotational term depending on Coriolis mixin
The intrinsic transition 5/21@633#↔3/21@631# violatesE2
selection rules (Dn351,DL51,DS50) for Nilsson
asymptotic configurations, so the matrix element may be
sumed negligible. WithA56.06 keV for the inertia param
eter; EK112EK'6 keV for the intrinsic energy difference
and pairing factorPK11,K5uKuK111vKvK11'1, whereu
'v'221/2, because the two bands are very close to
Fermi level, we obtain^5/2@633#u ̂1u3/2@631#& f 50.069,
which is strongly reduced (f 50.15) relative to the theoreti
cal value 0.46@51#. This reduction is not uncommon in thi
region: in the near nucleus233U the reduction of the coupling
strength between the two bands was found to be 0.21@54#.

With (d,t) particle reaction spectroscopy Burkeet al.
@43# have clearly established the existence of a 1/21@631#
band with levels at 262 (1/21), 288 (3/21), and maybe 310
9-14
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TABLE II. I total imbalances compared withI a’s.

Elevel I p Feeding intensity~%! Hindrance factor

~keV! This work Froma spectraa This work Froma spectraa

0 5/21

~3/21!J 87b ~3! 84.4b ~5! 1.24 1.3
0.0034~18!

21 (7/22) 0.051c 1530

29.1904~18! (5/21) 0.5 ~4! 0.28 140 240

42.4341~9! 7/21 10 ~3! 13.2 ~2! 5.6 4.2

68 0.016c 2320

71.8158~14! (7/21) 0.41 ~7! 0.163 85 210

75 (9/22) 0.01c 3320

97.1371~9! 9/21 1.69 ~10! 1.61 13.8 14

125.4252~20! (9/21) 0.107~8! 0.06 138 250

140 (11/22) 0.0028c 4170

146.3501~21! (5/22) 0.0065 ~17!

0.009 ~7! J 0.01d 1600
1050

148.1542~24! (7/22) 11000

163.2488~18! 11/21
0.064 ~10!

0.0042 ~12!J 0.042e
125

190
164.530~3! (3/22) 1900

173.469~5! (9/22) ('0.0007f! '0.005 ('9700) '1350

187 0.003c 1800

195.702~4! (11/21) 0.0137~8! 0.01 342 470

~202! <0.004c >1050

212.304~17! (5/21) '0.0005 0.04 '7100 890

217.156~4! (5/22) 0.0115~9! 0.006 286 550

235.34~4!
237.355~6!
241.557~14!

(5/22,7/22)
(7/22)
13/21

0.0007~3!

'0.003
0.00157~18!

J 0.007g
3500
'780
1390

355

255.916~19! (3/21,5/21,7/21) '0.001 0.0023 '1700 745

261.940~17! (1/21) 0.0029~7! 0.0028 530 550

287.874~4!
288.472~15!

(7/22)
(3/21)

'0.005
'0.001J 0.004h

'200
'990 250

302.976~10! (7/21) ,0.0008 .960

317.176~9! (5/21) 0.020~4! 0.018 30 34

320.544~8! (5/21) 0.0205~24! 0.012 28 47

327.8~3! (15/21) 0.00102~4! 0.001 493 510

347.799~23! (5/21) 0.0014~4! 0.0014 250 250

359.628~16! (7/21) ,0.0006 .480

365.814~6! (7/21) 0.0045~5! 0.003 58 87

374.789~10! (7/21) 0.0027~6! 0.0028 82 80

382.53~5! (7/22,9/2,11/21) 0.000057~5! 3400

425.891~13! (9/21) 0.00054~4! 0.0004 166 220

427.93~19! (5/21) 0.00030~4! 0.0003 300 290

436.772~17! (7/22) 0.00072~5! 103

465.437~22! (5/22,7/2,9/21) 0.000119~15! 370

478.65~3! (7/21,9/21) 0.000050~6! 690

513.401~23! (5/21,7/2,9/21) 0.000049~3! 375
034329-15



V. BARCI et al. PHYSICAL REVIEW C 68, 034329 ~2003!
TABLE II. ~Continued.!

Elevel I p Feeding intensity~%! Hindrance factor
~keV! This work Froma spectraa This work Froma spectraa

526.70~4! (5/21,7/21) 0.0008~3! 0.0009 18 16
536.30~11! (1/22) 0.0000026~11! 4600
569.255~18! (3/2,5/21) 0.0000158~24! 410
585.09~3! (5/21,7/2,9/21) 0.0000083~16! 580
605.237~23! (5/2,7/2) 0.0000087~13! 380
620.79~7! (5/21,7/2) 0.0000073~13! 340
637.45~4! (5/21,7/2,9/21) 0.0000103~15! 170
656.92~5! (5/21,7/2,9/21) 0.0000061~11! 200
665.02~10! (1/2,3/2,5/2) 0.00000093~23! 1100
749.91~8! (5/21,7/2,9/21) 0.0000144~21! 13.6

aFrom Ref.@24#.
bIncludes contribution to the 0.0034-keV level.
cNo clear evidence ofg-ray transition deexciting this level was found.
dIncludes contribution to the 148.154-keV level.
eIncludes contribution to the 164.530-keV level.
fSome intensity is missing: low energy transitions strongly internal-converted were not detected ing spectrum.
gIncludes contributions to the 235.347- and 241.557-keV levels.
hIncludes contribution to the 288.472-keV level.
d
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keV (5/21). A Coriolis mixing calculation between this ban
and the 3/21@631# band, assumingA56.06 keV obtained
from the ground state band and using the first four lev
~two for each band!, gives a decoupling parametera50.42
for the 1/21@631# band and a Coriolis mixing matrix elemen

^3/2@631#u ĵ 1u1/2@631#&52.3. This value disagrees with th
0.504 value of the Nilsson model theoretical calculation
Gustafssonet al. @55# for e250.2 @56#, or the20.39 value of
the calculation of Chasmanet al. @51# for e250.19 with a
Woods-Saxon potential. The mixing strength is 2.931022.
03432
ls

f

Incidentally the calculated energy of the 5/21 level of the
1/21@631# band is 307.1 keV, which matches reasona
well with the experimental 317.176-keV (5/21) level. Also,
the decoupling parameter does not agree with the experim
tal values for the 1/21@631# band in the mass regionA
.229, which are negative, in the range20.14 to 20.50,
and with the theoretical value of20.39 in the strong cou-
pling limit @51#. This may be an indication of asymmetr
effects~see Sec. IV B!.
tional
TABLE III. Summary of measured experimental reduced transition probabilities and calculated rota
model quadrupole moments and magneticg factors.

Experiment Rotational model
Eg K f I f d B(M1) B(E2) Q20 ugK2gRu

~keV! (mN
2 ) (e2 b2) ~b!

From 42.434-keV level,a 7/21, T1/250.172b(6) ns
42.434c 5/2 5/2 0.40d,e ~10! 0.019e ~6! 2.4e ~13! 8.2e ~22! 0.24e ~4!

From 97.137-keV level,a 9/21 T1/250.147b(12) ns
25.311f 3/2 7/2 @0.0114#g 0.0201~24! @0.0090g ~11!#

54.707c 5/2 7/2 0.46d ~3! 0.0131~20! 1.33 ~25! 6.6 ~6! 0.169~13!

67.943f 3/2 5/2 0.049~6!

97.129c 5/2 5/2 0.52~6! 7.2 ~4!

Mean: 7.1~3! 0.176~21!

aNilsson model: 5/21@633# band.
bFrom Ref.@41#.
cRotational model: intraband transition.
dFrom conversion electron measurements@22,24#.
eMixed with the 42.69-keV transition: unreliable value.
fRotational model: interband transition.
gCalculated from Alaga’s rule.
9-16
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4. Intraband and interband matrix elements and multiplet
resolution between 5Õ2¿[633] and 3Õ2¿[631] bands

The close level spacing between the two bandheads ra
the question of determining the correct intensities of the tr
sitions between the lower states~Fig. 6!.

The 42-keV multiplet was separated into the 42.43- a
42.69-keVg ’s by spectroscopic methods, but the 29-keV li
was not separated into 29.38- and 29.19-keV transitions
the 42.43, 29.19, and 71.82 keV are still doublets and sho
be resolved. No present state-of-the-art detector allow
separate these doublets. Helmer and Reich@2# assumed tha
intraband transitions were much more intense than interb
transitions and were able to deduce the energy of the
excited level by carefully measuringg-ray energy differ-
ences. We performed a calculation of intraband and interb
transition intensities according to the strong coupling ro
tional model and verified to which extent their assumpt
was justified.

We define intrinsic matrix elements~m.e.! independent of
spins@48# for M1 andE2 transitions. For intraband trans
tions these m.e. arem(M1)5mN(gK2gR)K and m(E2)
5eQ20. In first order approximation of unperturbed rot
tional bands, five intrinsic matrix elements should co
pletely describe the transition probabilities: one quadrup
moment characterizing the whole deformation of t
nucleus, two magnetic moments, one for each band, and
transitional electric quadrupole and magnetic dipole m
ments. From the decay of the 97.137-keV level we fou
7.05e b and 0.421mN for the 5/21@633#-band moments, and
1.22e b and 0.425mN for the transitional moments, respe
tively. Assuming the same deformation for the 3/21@631#

TABLE IV. Intraband transitions within the 5/21@633# band.
Values in square brackets are calculated.

I i I f Eg udu U Q20

gK2gR
U

~keV! ~b!

7/2 5/2 42.4344~11! 0.40 ~10! 34 ~8!

9/2 7/2 54.7040~11! 0.46 ~3! 39 ~3!

11/2 9/2 66.1135~20! 0.56 ~20! 49 ~7!

13/2 11/2 78.10~10! @0.45 ~3!#

~15/2! 13/2 86.3a ~2! @0.43#

aMultiply placedg-ray transition.

TABLE V. Intraband transitions within the 3/21@631# band. Val-
ues in square brackets are calculated.

I i I f Eg udu U Q20

gK2gR
U

~keV! ~b!

~5/2! ~3/2! 29.1867~11! @0.152~5!#

~7/2! ~5/2! 42.6269~11! 0.160~6! 13.5 ~5!

~9/2! ~7/2! 53.6104~17! 0.132~5! 11.6 ~4!

~11/2! ~9/2! 70.282~5! 0.157~3! 12.97~21!
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band as the g.s. band, and from the experimental inten
ratios of theDI 51 andDI 52 transitions issuing from the
125.425-keV level we calculated the intrinsic magnetic m
ment of the 3/21@631# band: 0.88mN . These values were
used throughout in Table VI, combined with information d
rived from the experimental intensity ratios for two differe
transitions issued from the same level:

I g1

I g2
5

Pg1~M1!1Pg1~E2!

Pg2~M1!1Pg2~E2!

5
Eg1

3

Eg2
3

B1~M1!10.697Eg1
2 B1~E2!

B2~M1!10.697Eg2
2 B2~E2!

. ~2!

The calculated values for the low energy multiplets
Fig. 6 are reported in Table VII.

The assumption of Helmer and Reich@2# that the 29.19-
and 71.81-keVg rays should be mostly intraband transitio
to the 3.4-eV level is not fully justified. The transition to th
g.s. amounts to 25% for the former and to 40% for the lat
In our approach thea-particle feeding intensities to the leve
calculated fromg-ray imbalance at the levels agree reaso
ably well with the experimentala-particle measurement
~Table II!.

5. Other bands

The negative parity bands 5/22, starting at 146.35 keV,
and 3/22, starting at 164.53 keV, mainly decaying to th
3/21@631# band, were confirmed. They may be assigned
the 5/22@752# and 3/22@761# Nilsson configurations. The
band parameters calculated from level energies are not
nificant: as shown by Kroger and Reich@17# these bands are
strongly Coriolis mixed with the negative parity configur
tions arising from the j 15/2 shell ~the 1/22@770# and
7/22@743# configurations!.

The 1/21@631# band starting at 261.940 keV, propose
from (d,t) reaction studies@43,47#, is confirmed. The iden-
tification of the 5/21 member with the 317.176-keV level i
proposed and agrees with the rotational formula; howe
the a-particle decay hindrance factor does not agree v
well.

The second 5/21 band, starting at 320.54 keV, was inte
preted as theb band, 5/21@633# ^ 01, in earlier studies@17#,
because of an enhanceda-particle decay hindrance facto
But the 01 excitation is considerably higher in energy in th

9/2+ 97.137

7/2+ 42.434

5/2+ 0.0

(7/2+) 71.816

(5/2+) 29.190

(3/2+) 0.0034

5
4
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3
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FIG. 6. The low energy multiplets.
9-17



l values

V. BARCI et al. PHYSICAL REVIEW C 68, 034329 ~2003!
TABLE VI. Reduced transition probabilities and intrinsic matrix elements according to rotational model calculation. Experimenta
are in bold type.

Elevel I i Ki I f K f Eg I g B(E2) um(E2)ua B(M1) um(M1)ub udu
~keV! ~keV! ~%! (e2 b2) (e b) (mN

2 ) (mN)

0.0034 3/2 3/2 5/2 5/2 ~0.0034! 0.063~8! c 0.043~5! d 0.0034~18!

29.1904 5/2 3/2 3/2 3/2 29.1867 7.8„6… 1.72 ~16! e 0.048~5! f 0.145~10!

5/2 5/2 29.190 2.5~6! 0.064~8! c 0.0124~15! d 0.055~5!

42.4341 7/2 5/2 5/2 5/2 42.4344 72„4… 1.76 ~18! e 0.0090~14! g 0.40 „10…
3/2 3/2 42.431 0.18~5! 0.042~5! c

5/2 3/2 13.244 2.4~7! 0.00175~22! c 0.023~3! d 0.0030~3!

71.8158 7/2 3/2 3/2 3/2 71.8133 1.81 ~14! 0.71 ~7! e

5/2 5/2 71.8133 1.16 ~12! 0.026~3! c 0.00154~19! d 0.248~22!

5/2 3/2 42.6296 13.2„7… 1.06 ~11! e 0.066~8! f 0.143~12!

7/2 5/2 29.382 0.80~14! 0.045~6! c 0.0165~20! d 0.041~4!

97.1371 9/2 5/2 5/2 5/2 97.1376 20.3„10… 0.52 „6… 7.2 „4…
7/2 5/2 54.7040 16.8„8… 1.33 „25… 6.6 „6… 0.0131„20… 0.42 „3… 0.46 „3…
5/2 3/2 67.943 0.320„23… 0.049„6… 1.22 „8…
7/2 3/2 25.311 2.11„12… 0.00089~11! c 0.0201„24… 0.43 „3… 0.0044~4!

125.4252 9/2 3/2 5/2 3/2 96.232 1.70„9… 1.06 ~11! e

7/2 3/2 53.6104 3.47„18… 0.69 ~7! e 0.074~9! 0.88 ~5! 0.132~10!

7/2 3/2 125.41 0.051„10… 0.0085~19! 1.72 ~23!

7/2 5/2 83.000 0.197„22… 0.074~17! 1.72h ~23! 0.0009~4! 0.25 ~4! 0.64 ~16!

9/2 5/2 28.288 0.036~9! 0.063~14! 1.72h ~23! 0.0056~25! 0.23i ~5! 0.079~20!

163.2488 11/2 5/2 7/2 5/2 120.8129 2.82„15… 0.84 ~8! e

9/2 5/2 66.116 1.06„6… 1.5 ~3! 8.1 ~7! 0.015~3! 0.41 ~4! 0.56 ~20!

7/2 3/2 91.433 0.041~7! 0.050~6! c

9/2 3/2 37.823 0.25„4… 0.0048~6! c 0.0183~22! d 0.0162~14!

195.702 11/2 3/2 7/2 3/2 123.881 0.72„5… 1.26 ~13! e

9/2 3/2 70.281 0.58„4… 0.48 ~5! e 0.058~8! 0.75 ~9! 0.170~15!

7/2 5/2 153.13 0.037„3… 0.022~3! 1.99 ~15!

9/2 5/2 98.565 0.097~16! 0.041~5! c 0.0039~5! d 0.267~22!

11/2 5/2 32.453 0.016~3! 0.023~3! c 0.0193~24! d 0.029~3!

241.557 11/2 5/2 9/2 5/2 144.426 0.30„3… 1.07 ~11! e

11/2 5/2 78.21 0.038„7… 0.89 ~9! e 0.011~3! 0.33 ~5! 0.60 ~9!

9/2 3/2 116.3 0.0089~11! 0.047~9! c

11/2 3/2 45.855 0.0091~16! 0.0088~11! c 0.0171~21! d 0.0275~24!

272.5 13/2 3/2 9/2 3/2 146.9 0.119„10… 1.38 ~14# e

11/2 3/2 77.142 ,0.43 0.35 ~4! e 0.081~10! f 0.135~11!

327.8 15/2 5/2 11/2 5/2 164.5 0.261~5! 1.22 ~13! e

13/2 5/2 86.3 0.038~3! 0.70 ~7! e 0.0171~20! g 0.45 ~4!

11/2 3/2 132.1 0.0035~7! 0.049~6! c

aFor intraband transitions identical toeQ20.
bFor intraband transitions identical toK(gK2gR)mN .
cAssumed reference: interband intrinsicum(E2)u51.2260.08e b, from the 67.943-keV transition.
dAssumed reference: interband intrinsicum(M1)u5(0.4260.03)mN , from the 54.704-keV transition.
eAssumed reference: same intrabandum(E2)u57.160.3 e b, for the two bands; mean from the 97.137- and 54.704-keV transitions.
fAssumed reference: intraband 3/21@631# um(M1)u5(0.8860.05)mN , from the 53.610-keV transition.
gAssumed reference: intraband 5/21@633# um(M1)u5(0.4260.03)mN , from the 54.704-keV transition.
hFrom the 125.41-keV transition, from the same level.
iFrom the 83.0-keV transition, from the same level.
b

ing

uld
even-even neighboring nuclei~831.823 keV in 228Th and
643.9 keV in230Th). The configuration 5/21@622# is not too
far away and could mix into the 5/21 band.

A 1/22 band, starting at 536.30 keV, was proposed
(d,t) reaction measurements and identified as the 1/22@501#
03432
y

configuration@47#. In the odd deformed nuclei with massA
.229, this configuration was observed with a decoupl
factor'0.8. With an inertia parameterA'6 keV and such a
decoupling factor, the levels at 569.25 and 605.24 keV co
be the 3/22 and 5/22 members.
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TABLE VII. Analysis of the low energy multiplets.

Experiment Deconvolution Transition
Eg (keV) I g d Eg (keV) I g d Ei2Ef (keV)

29.1867~11! 11.3 ~10! a 29.1867 7.8 0.145 29.190–0.003
~29.190! 2.7 0.055 29.190–0
~29.382! 0.80 0.041 71.816–43.43

42.4344~11! 72.0 ~36! 0.40b ~10! 43.434 72.0 0.43 42.434–0
~42.431! 0.18 c 42.434–0.0034

42.6296~21! 13.2 ~7# 42.6296 13.2 0.143 71.816–29.19
71.8133~16! 2.97 ~15! a 71.833 1.81 c 71.816–0.0034

~71.816! 1.16 0.248 71.816–0

aUnknown or not measured.
bTotal 42.434142.630.
cE2 multipolarity.
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The band proposed from earlier studies ona-particle de-
cay @42# at 21, 75, and 140 keV and assigned as
7/22@743# configuration is uncertain. Some weak transitio
might well be assigned to this band, but all of them appea
be hidden into multiplets so that no clear assignment co
be given. Moreover, this band should be strongly mixed
Coriolis interaction with the other configurations issui
from the j 15/2 shell ~see the beginning of this section!, and
the inertia parameter could not be equal to that of the
band, as implied by the present assignment. These facts
serious doubt on the reality of the band, and on the iden
cation of thea-particle groups as233U emissions.

B. Reflection-asymmetric models

Several experimental features suggest that the229Th
nucleus should be octupole deformed, either statically
dynamically.

~1! The K502 octupole band is rather low in energy
the neighboring even-even nuclei228Th and 230Th: the 12
03432
e
s
to
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r

band head is at 328.0 keV in the former and at 508.2 keV
the latter, much lower than the first quadrupole deform
state 01 at 831.8 and 643.9 keV, respectively. The calcula
energy of octupole deformation, defined formally as the
ergy of the virtual 02 state

E~02!5E~12!2
\2

I
, ~3!

and weighted between the neighboring nuclei, is;392 keV.
~2! The negative parity bands preferentially deexcite

wards the 3/21 band starting at 3.4 eV; these bands, kno
to be strongly Coriolis mixed@17#, should contain a signifi-
cant contribution of the 3/22 band starting at 164.53 keV
which could be the octupole deformed doublet of the 3/1

band.
~3! The positive value of the decoupling parameter of t

1/21 band~Sec. IV A 3! disagrees with the negative trend
the same band in heavier well-deformed nuclei, but agr
with the values in lighter nuclei~e.g., in 225Ra: a51.3 @30#!.
inst the
s for
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FIG. 7. Single particle energies of neutron orbitals in axially symmetric, but reflection-asymmetric folded Yukawa potential, aga
quadrupole deformatione2 and octupole deformatione3. For labeling of orbitals see text. Good parity orbitals are drawn as broken line
negative parity and as full lines for positive parity, respectively. The arrows show the connections between the sections.
9-19



-
-
f
n
s.
s

V. BARCI et al. PHYSICAL REVIEW C 68, 034329 ~2003!
0

100

200

300

400

500

600

(keV)

0.0

42.43

97.14

163.25

241.56

327.8

0.0034
29.19

71.82

125.43

195.70

272.5

5/2+

7/2+

9/2+

11/2+

13/2+

(15/2+)

(3/2+)
(5/2+)

(7/2+)

(11/2+)

(13/2+)

(9/2+)

164.53

217.16

237.36

(3/2-)

(5/2-)
(7/2-)

146.35

148.15
173.47

(5/2-)
(7/2-)
(9/2-)

320.54

365.81

425.89

(5/2+)

(7/2+)

(9/2+)

261.94
288.47
317.18

(1/2+)

(3/2+)
(5/2+)

536.30

569.26

605.24

(1/2-)

((3/2-))

((5/2-))

5/2[633] 3/2[631]

3/2[761]

+3/2[631]⊗0- 5/2[752]

5/2[622]

+5/2[633]⊗0+

+5/2[752]⊗0-

3/2(0.3 0.3) 5/2(-0.2 0.7)

1/2[631] 1/2[501]

1/2(-0.1 0.6 1)

[1.24]

[5.6]

[13.8]

[125]

[1390]

[493]

[---]

[140]

[85]

[138]

[342]

[1900]

[286]

[780]

[1600]

[11000]
[9700]

[28]

[58]

[166]

[530]
[990]
[30]

[4600]

[410]

[380]

187 (11/2-)

E

FIG. 8. Structure of bands as
sembled in parity doublets accord
ing to the configuration scheme o
Fig. 7. Hindrance factors are give
in square brackets at the level
Nilsson asymptotic assignment
are also given.
gn

in

e
av

tic
an
te
ed
a
is
th

e

o-
,

x

rre
n

ar

fo

ity
s of
~4! The Nilsson model could account for the g.s. assi
ment of the 5/21@633# configuration, ate2'0.2 @51#, and the
3/21@631#, 1/22@501#, 5/22@752#, and 3/22@761# configu-
rations are also very close in energy, but the virtual cross
of the 3/21@631# and 5/21@633# configurations is difficult to
obtain without an octupole deformation.

Early calculations in the framework of an octupole d
formed core strongly coupled to single particle states h
achieved a better agreement with a low (e3;0.04) octupole
deformation: Leander and Chen@8# with a Woods-Saxon
potential and Ragnarsson@14# with a Nilsson potential,
respectively.

We performed a calculation in the framework of a sta
octupole deformation between collective octupole modes
single quasiparticle degrees of freedom. The nuclear po
tial is an axially symmetric, but reflection-asymmetric fold
Yukawa potential with quadrupole and octupole deform
tions. In Fig. 7 the level diagram for single neutron orbitals
plotted against quadrupole and octupole deformations: in
left-hand section versuse2, for e350; in the center versus
e3, for e250.15; and in the right-hand section versuse2, for
e350.08. The orbitals are labeled, respectively, fore350,
by Nilsson asymptotic configurations, with indication of th
spherical shell of origin, fore3Þ0, by ^ ĵ z&, the good quan-
tum number of the projection of the intrinsic angular m
mentum, and, on the right hand section, in parentheses
the single particle matrix elements^ŝz&,^p̂&, of the intrinsic
spin and parity. ForK51/2 bands, by the additional matri
element^p̂x1/2u2 ĵ 1uR̂x1/2& is also given, whereR̂ is the
rotation operator by 180° around the symmetry axis, co
sponding to the decoupling parameter of reflectio
symmetric models times total parity. Neutron numbers
given in circles at gaps.

The main characteristic features of the model are the
lowing predictions.

~1! EnhancedE1 transitions take place between par
doublet levels.

~2! The energy difference between doublet levels is
03432
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EI 2
2EI 1

5^p̂&E02, ~4!

for degenerate opposite-parity single-particle configuratio
~3! For K51/2 bands the extended decoupling fac

^p̂x1/2u2 ĵ 1uR̂x1/2& should be equal for parity doublet band
From Fig. 7, we can see that 3/2, 5/2, and 7/2 configu

tions cross ate2;0.15 ande3;0.03–0.08. There is a mini
mum for the Fermi level, following theN5139 neutron or-
bital, for e2;0.15 ande3;0.03, where the 5/2 and 3/
orbitals cross. The orbital scheme is quite independent of
potential and follows the same trends for folded Yukawa~this
work!, Nilsson@14#, and Woods-Saxon potentials@8#.

The g.s. band could be assigned to the 5/2~0.2 0.2! con-
figuration, which goes up rapidly whene3 decreases, bu
does not seem to have an experimental parity partner,
could be almost pure 5/21@633# configuration. This would
imply that there is a coexistence of octupole-deformed
normal Nilsson-deformed bands and has already been
posed for a remarkably similar level structure in227Ra @58#.
Leander and Chen@8#, quoting a paper of Bemiset al. @50#,
who performed Coulomb excitation measurements, assig
the parity partner to a band starting at 512 keV. No evide
of these levels was found in this work. Conversely, two le
els at 235.35~probable 5/22) and 287.87 keV (7/22) might
be the members of this band. But these levels do not sho
preferred decay to the levels of the g.s. band, so this ide
fication is very doubtful. The spectroscopic quadrupole m
ment and magnetic dipole moment calculated in the fram
work of the asymmetric model,Q52.88 b andm50.63mN
@8#, are not in much better agreement with the experime
values than that deduced from the strong coupling symme
model, and do not change significantly.

The 3/21 band starting at 3.4 eV and the 3/22 band start-
ing at 164.53 keV are connected by strongE1 transitions. It
was already proposed@17# that the latter could contain
significant component of the octupole vibration: 3/21@631#
^ 02. In our interpretation they would belong to the 3/2~0.3
0.3! parity doublet.

The parity partner of the 5/22 band starting at 146.35 keV
could be the 5/21 band starting at 320.54 keV. A secon
5/2(20.2 0.7) orbital lies in this region. The positive pari
band decays to the parity partner with transitions of sign
cant intensity. In a dynamical approach it could contain
contribution from the coupling 5/22@752# ^ 02, of the Nils-
son deformed orbital with the octupole vibration.

The configuration 7/2~0.2 0.1! band is also expected a
low excitation energy. The existence of a low energy 7/2

band proposed in somea-particle studies is thus supporte
by the model, but at greatere3 and lowere2 deformations,
and its existence is not clearly established in this work
should also be noted that the g.s. of225Rn, an isotone of
229Th, has been measured to be 7/22 @59#, as expected for an
N5139 nucleus with somewhat smallere2 and highere3.
Another level at 302.98 keV, assigned as 7/21 in this work
from decay properties, may be the parity doublet bandhe

The 1/21 band, starting at 261.94 keV, and the 1/22 band,
starting at 536.30 keV, might be assigned to t
1/2~20.1 0.61! configuration. The experimental decouplin
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parameter of the positive parity band agrees in sign with
calculated one.

The evolution of the different configurations for the is
tonic nuclei withN5139 is poorly known. Except for227Ra
the experimental data are very scanty. However, the struc
of 227Ra has been studied using (n,g), (d,p), (d,t) reac-
tions andb decay @57#. There are great similarities with
229Th, with 3/21 as g.s. and 5/21 as excited state at 1.73
keV, and 3/26 and 1/26 low lying parity doublet bands@58#.

The bands are assembled in parity doublets in Fig. 8
cording to the theoretical allowed configurations of Fig. 7

With the calculation of Fig. 7 for a parameter sete2
;0.15 ande3;0.03, with quasiparticle energies, Fermi lev
at theN5139 orbital, and pairing gapD5Z/A, the theoret-
ical scheme of bandheads is compared to the experime
one in Fig. 9.

The agreement is rather good for the four first bands.
the 1/26 bands the increase of the octupole deformation,e3,
brings the configurations to lower excitation energies a
exchanges parities, in much better agreement with exp
ment~Fig. 7!. Also the 7/2 orbital is lowered at highere3 and
the lowest member acquires positive parity.

In Table VIII we have compared the values of the intrins
parity ^p̂& @Eq. ~4!# deduced from the experimental energ
differences for the bandheads and calculated by different
thors. The agreement is better for the calculation by Ragn
son @14# with e250.18 ande350.004.

Finally, it should be noted that present experimental d
do not permit to clearly discriminate between symmetric a
asymmetric models. However, the asymmetry is low a
might affect only moderately the parameters. Convers
there are clear indications that shape coexistence should
a leading role, not only between symmetric and asymme
configurations, but also between different deformations. T
deformations parameters should be optimized for ev
level. Configuration mixing calculations should give the be
results.

V. CONCLUSIONS

Using continuously purified sources;70 new g transi-
tions out of a total of;220 are observed in229Th following
the a decay of 233U.

Accurate measurements ofg-ray spectra combined with
theoretical estimations from a crude rotational scheme h

TABLE VIII. Comparison of calculated and experimental^p̂&.

I p Eexp ~keV! ^p̂&exp ^p̂& th

~Band head! a b c

5/21 0.0 0.60 20.1 0.2 0.71
3/21 0.0034 0.42 0.2 0.3 0.74
5/22 146.35 20.44 0.6 0.7 20.26
1/21 261.94 0.70 0.7 0.6 0.90

ab250.18 (e2;0.17),b350.10 (e3;0.075) @8#.
be250.16,e350.08 present work.
ce250.18,e350.04 @14#.
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allowed a good agreement ofa-particle feeding intensities to
the levels fromg imbalances with measured experimen
values.

Theoretical calculations in the framework of the rotation
strong coupling symmetric model are in reasonable ag
ment with observed magnetic moments and gyromagn
ratios. Nevertheless, a better agreement can be achieve
small asymmetric deformation is introduced. Parity doub
bands can be assigned and signatures of asymmetric ef
identified. Coexistence of reflection symmetric and asy
metric bands is present: the g.s. band is almost purely s
metric and the associated parity doublet is not clea
observed.

Because of the lack of interpretation of so many of t
levels the study of229Th is still a formidable challenge
Careful observation of the internal conversion electron sp
trum of 229Th would be of great value. Coulomb excitatio
and inelastic scattering of229Th should help to identify more
states associated with the 5/21 229Th ground state.

However, the greater challenge is to theorists. In a tra
.R
s
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-

et

ys

d

rt,
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tion nucleus, such as229Th, different rotational bands will
have different parameters corresponding to different nuc
shapes. The variation between bands will probably be gre
than the reflection symmetric and reflection asymmetric
have already identified in229Th. Up to the present time al
we can do is use different parameters for the nucleus a
whole. A first step would be the complete evaluation of
three-dimensional model ofe2 ,e3 versus energy. Ultimately
we would have to hope that a much more profound nucl
model would take the different bands into account from fi
principles, without so many adjustable parameters. Howe
this kind of a nuclear model is nowhere on the horizon
present.
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